Coal gasification was performed by means of a high-pressure fixed bed gasifier fitted with a solids feeding system in continuous mode, using oxygen and steam as gasifying agents. A face centered central composite design (FCCCD) based on response surface methodology (RSM), was used to assess the combined effects of the operation variables (temperature, oxygen and steam concentrations) on high-pressure coal gasification. The response variables studied were: H 2 , CO and syngas production, H 2 /CO ratio, cold gas efficiency (η) and carbon conversion (X). The study was carried out at temperatures of 900, 950 and 1000 ºC, using oxygen concentrations of 5, 10 and 15 vol.%, and steam concentrations of 25, 40 and 55 vol.%. The gasification temperature was found to be the most influential variable, with high temperatures leading to an increase in all the response variables studied. An increase in the oxygen content of the gasifying agent led to a decrease in H 2 and CO production, and cold gas efficiency, whilst carbon conversion was favoured. An increase in steam concentration, on the other hand, favoured the production of H 2 and syngas production, whereas CO production underwent a reduction; cold gas efficiency and carbon conversion were observed to increase. Response surface methodology (RSM) revealed the effects of interaction between the operation variables, which would not have been identified by the traditional "one-factor-at-a-time" method. The models developed successfully fitted the experimental results for all the response variables studied.
Introduction
The clean and efficient use of coal by means of gasification is considered to be a promising alternative for ensuring the continued demand for this fuel in the energy markets. This technology is characterised by its high versatility, the possibility of using a wide range of fuels (coal, biomass, petroleum coke, etc.), and the variety of applications open to the obtained product. The syngas produced can be used to generate electricity (IGCC), chemical feedstocks, hydrogen, etc., depending on the demand of the market. Energy systems based on hydrogen are considered a promising scenario in the long term. The advantages of hydrogen energy include its low environmental impact and its future application in fuel cell technology to produce electricity [1] . Currently, 98 % of the hydrogen produced comes from fossil fuels, mainly from natural gas reforming (approx. 50 %) [2] . However, due to the uncertainty of natural gas supply and the fluctuations in its prices, it seems that, in the medium term, systems based on coal gasification may offer a possible alternative. Coal gasification is a well established technology for producing syngas (CO+H 2 ), where hydrogen production can be increased by means of the water-gas shift reaction (WGS), CO + H 2 O ↔ CO 2 + H 2 .
With this technology, a highly concentrated stream of hydrogen can be generated provided that CO 2 capture stage is also undertaken. Some studies have shown that electricity generation based on the combination of hydrogen fuel cells and CO 2 capture are less costly compared to post-combustion systems [3, 4] .
Response surface methodology (RSM) is a useful statistical technique which has been applied in research in complex variable processes [5, 6] . This technique involves the design of experiments and multiple regression analysis as tools to assess the effects of two or more independent variables on dependent variables [7] . Its main advantage is that it requires fewer experimental runs to generate the information necessary for a statistically acceptable result. RSM helps researchers to build models, evaluate the effects of several factors and establish the optimum conditions for the desired responses.
The analysis of variance (ANOVA) provides statistical results upon which diagnostic checking tests can be based to enable researchers to evaluate the suitability of the models [8] .
In this work, high-pressure coal gasification in a fixed bed reactor fitted with a solids feeding system designed to ensure the steady production of H 2 -rich gas has been studied by means of response surface methodology. The general objectives of the study were:
(i) to assess the combined effects of the operation variables (temperature, oxygen and steam concentrations) on high-pressure coal gasification, and (ii) to determine the optimum values, within the experimental range of each operation variable, in order to maximize the response variables depending on the gasification applications. To achieve these aims, RSM was employed.
Experimental
In this work, a bituminous Spanish coal (PT) was used. This coal together with petcoke is currently used as feedstock at the Elcogas IGCC power plant, which is located in Puertollano (Spain) [9] . The sample was ground and sieved to obtain a fraction with a particle size of 75-150 µm. The proximate and ultimate analyses and the high heating value of the sample are presented in Table 1 .
The experimental device used for the gasification tests has been described in detail in a previous work [10] . Briefly, it consists of a stainless steel tubular reactor with a porous plate, which is able to work at a maximum pressure of 20 atm at 1000 ºC. Fuel particles are fed continuously into the system from a pressurized hopper, which ensures a steady gas production.
The gasification tests were carried out isothermally at a constant pressure of 15 atm, using as gasifying agents a mixture of steam and oxygen, carried in an inert flow of N 2 , at a total flow rate of 200 Ncm 3 min -1 . The coal mass flow rate used for these tests was 5 g h -1 . The composition of the dried gases (H 2 , O 2 , N 2 , CO, CH 4 and CO 2 ) was analysed on line, using a dual channel micro-GC Varian CP-4900. The amount of gas generated during the experiments was calculated from a nitrogen balance, since the amount of nitrogen fed in and the composition of the nitrogen evolved are known.
Methods

Response variables
One of the principal advantages of high-pressure coal gasification technology is that the syngas produced can be used for a variety of applications. For this reason, the process can be employed to optimize different response variables. Thus, in the case of hydrogen generation, the most important variable would be the proportion of H 2 present in the produced gas. However, the production of CO and total syngas (H 2 +CO) production would also have to be taken into account, since the CO is transformed into CO 2 and H 2 by means of the WGS. On the other hand, if the aim were the synthesis of chemicals (e.g. methanol, or liquid fuels by means of the Fischer-Tropsch process) the H 2 /CO ratio would be an important parameter to study. Another possible application is electricity generation in a combined cycle, in which case, the main variable to optimise would be cold gas efficiency, η. Finally, the carbon conversion obtained during the process, X, is a response variable that always needs to be maximized, since this variable shows the amount of solid fuel that is transformed into gas.
In this work the response variables studied were: H 2 , CO and syngas production (expressed in mol kg -1 sample , daf), H 2 /CO ratio, cold gas efficiency (%), and carbon conversion (%). Cold gas efficiency, η, was defined as the ratio between the energy content of the gas and the energy contained in the solid fuel. Carbon conversion, X, was defined as the total amount of carbon contained in the gas produced (CH 4 , CO and CO 2 ) with respect to the total amount of carbon contained in the sample fed in.
Experimental design
The independent variables selected for the study of high-pressure coal gasification and their respective levels were as follows: reaction temperature (900, 950 and 1000 ºC), oxygen concentration (5, 10 and 15 vol.%) and steam concentration (25, 40 and 55 vol.%). The possible effects of interaction between the operation variables were studied employing a suitable experimental design that would allow the experimental results to be fitted to a polynomial response surface model. Amongst a number of central composite designs, a face centered central composite design (FCCCD) was adopted for this study. This involved 20 experiments (Table 2) , including eight factorial points (2 3 full factorial design), six axial points corresponding to the face centres of the cube portion of the design, and six replicates at the centre of the design. The latter provide information about the interior of the experimental region, and allow the curvature and experimental error to be evaluated [5] . Prior to the application of the factorial experimental design, the operation variables were coded in order to facilitate calculations, and increase the fit of the coefficients estimation. Once the variables have been coded all the coefficients will have the same units and can be compared with one another [11] . Table 2 shows the coded (in parentheses) and the decoded independent variables (T, %O 2 and %H 2 O) together with the experimental values for the response variables (H 2 , CO, H 2 +CO, H 2 /CO, η and X).
Statistical analysis
Response surface methodology (RSM) is an empirical modelling approach for determining the relationship between various operation variables and response variables. It provides a sequential experimentation strategy for building and optimizing an empirical model. Thus, RSM is a collection of mathematical and statistical procedures that are useful for the modelling and analysis of problems in which the response is affected by operation variables. The objective is to optimize these variables taking into account the desired value of the response function [7] . By means of experimental design and applying regression analysis, a desired response to several independent variables can be modelled. In RSM, the quantitative form of the relationship between the response and the independent variables can be represented as
where y is the response variable, f is the response function (or response surface), x i are the independent variables, and ε is the fitting error.
The response function has the appearance of a surface, and the possibility of establishing a suitable approximation of f to the experimental results will determine whether the application of RSM is successful or not. The necessary data for building the response models are generally collected by the design of experiments. In this study, the experimental data were collected from FCCCD and the approximation of f was attempted by using a second-order polynomial regression model (quadratic model), ANOVA tests showed which of the proposed models are statistically significant. In this case, all of the models were shown to be significant, given that they are able to explain a 95% of the variability in the response. The terms in the models were evaluated by the pvalue at a confidence level of 95%. Terms that were not statistically significant (p-value > 0.05) were eliminated from the models without damaging the model fitting. The lack of fit was also calculated, and was found to be not significant for all the response surface models at a 95% confidence level.
Once the proposed models were considered significant, the coefficients were decoded in order to relate the models to the real operation variables as it is shown in Table 5 .
To visualize the combined effects of two factors on any response, three-dimensional plots, showing the response surfaces, and their respective contour plots were generated, using SigmaPlot 8.0, for each of the fitted models as a function of two independent variables, while the other variable was set at the central value of its range (T: 950 ºC, %O 2 and %H 2 O: 10 and 40 vol.%, respectively).
Results and discussion
H 2 production
The regression equation for hydrogen production (Table 5) shows that this depends largely on the three individual dependent variables and on the interaction between temperature and steam concentration. The latter could be due to the fact that hydrogen is mainly produced by steam gasification reactions, which are extremely endothermic. 
CO production
The regression equation for CO production (Table 5) shows that carbon monoxide production depends significantly on the three individual dependent variables, and on the interactions between temperature and oxygen concentration, and between temperature and steam concentration. 
H 2 +CO production
The regression equation for H 2 +CO production (Table 5) shows that syngas production only depends significantly on the three individual dependent variables This indicates that the positive effect resulting from the interaction between temperature and steam concentration on hydrogen production is counteracted by the negative effect that this interaction has on CO formation, leading to the cancellation of this combined effect on syngas production. Figure 3 shows the response surfaces (1) and the contour plots (2) for syngas production with the temperature (a) and oxygen concentration (b) set at 950 ºC and 10 vol.%, respectively. In these plots it can be observed that syngas production is favoured by an increase in the reaction temperature, a decrease in the oxygen concentration and an increase in the steam content of the gasifying agent, although CO production is impeded by the steam. This behaviour shows that hydrogen production is more strongly affected by the interaction between temperature and steam concentration than CO. Thus, to maximize syngas production the optimum values for the operation variables would need to be: 1000 ºC, 5 vol.% O 2 and 55 vol.% H 2 O.
H 2 /CO ratio
The regression equation for the H 2 /CO ratio (Table 5) shows that this response depends significantly on the three individual dependent variables, and on the interactions between temperature and oxygen concentration, and between oxygen and steam concentration. The interactions between the operation variables not only produced a certain curvature on the response surfaces and the contour plots, as occurred with H 2 and CO production; but also the surfaces generated were not parallel, causing a change in the response variable as a function of the level of the fixed variable (temperature, oxygen or steam concentration) when the other dependent variables change.
Consequently, in this case the response surfaces and the contour plots at the three levels of the fixed dependent variable have been plotted as a function of the other two variables. Figure 4 shows the response surfaces (a) and the contour plots (b1, b2 and b3) for the H 2 /CO ratio as a function of the gasifying agent components, with the temperature set at three levels 900, 950 and 1000 ºC, respectively. It can be observed in these figures that, independently of the level of the other variables, the H 2 /CO ratio increases as the reaction temperature decreases and the steam concentration increases. These general tendencies reflect those of a previous work [10] . Furthermore, in the previous study it was observed that, at a temperature of 950 ºC, the H 2 /CO ratio decreased as the oxygen concentration in the gasifying agent increased. In the present study, additional information has been obtained by means of response surface methodology. From plots (b1), (b2) and (b3) in Figure 4 , it can be observed that at low values of steam concentration, the H 2 /CO ratio falls when the oxygen content in the gasifying agent is increased at any temperature, this reduction being more pronounced the lower the temperature. However, at high values of steam concentration, the trend observed in H 2 /CO ratio is strongly dependent on the temperature. Thus, at a temperature of 950 ºC, the H 2 /CO ratio hardly changes when the oxygen concentration is increased.
Nevertheless, at 900 ºC, this ratio falls when the oxygen concentration increases, whilst at 1000 ºC, there is a clear rise in the H 2 /CO ratio with the increase in oxygen content.
In Figure 5 the response surfaces (a) and contour plots (b1, b2 and b3) for the H 2 /CO ratio are plotted as a function of temperature and steam concentration, the oxygen concentration being set at three levels: 5, 10 and 15 vol.%, respectively. These figures show a rise in the H 2 /CO ratio when the steam concentration is increased at any temperature and at any oxygen concentration, this increase being noticeably higher for higher oxygen concentrations. On the other hand, regardless of the gasifying agent concentrations, the H 2 /CO ratio decreases when the reaction temperature increases, especially at low oxygen concentrations. The most outstanding characteristic in Figure 5 is at high values of the steam concentration where the response surfaces intersect. Here the tendencies change with the temperature increase. Thus, at low temperatures the H 2 /CO ratio increases as the oxygen concentration decreases independently of the steam concentration, whilst at high temperatures the opposite occurs. In contrast, at low steam concentration values, the H 2 /CO ratio always increases as the oxygen concentration decreases; and the lower the temperature, the greater the rise.
Finally, Figure 6 shows the response surfaces (a) and contour plots (b1, b2 and b3) for the H 2 /CO ratio as a function of temperature and oxygen concentration, with the steam concentration being set at three levels 25, 40 and 55 vol.%, respectively. This figure shows that the H 2 /CO ratio is enhanced by an increase in steam concentration at any oxygen concentration and reaction temperature, probably due to the fact that the secondary steam gasification reaction is favoured with the result that H 2 and CO 2 production increases, while CO production decreases. It can also be observed that at low temperatures, 900 ºC, the H 2 /CO ratio diminishes as the oxygen content in the gasifying agent increases. However, at high temperatures (1000 ºC) the trend followed by the H 2 /CO ratio depends on the steam concentration. Thus, at low values of steam concentration this ratio falls, whilst high steam values favour this ratio as the oxygen content increases.
Cold gas efficiency
The regression equation for cold gas efficiency, η, (Table 5) shows that this response variable depends significantly on the three individual dependent variables and on the interaction between oxygen and steam concentrations. In Figure 7 the response surfaces
(1) and the contour plots (2) for cold gas efficiency are plotted with the temperature (a) and the oxygen concentration (b) set at 950 ºC and 10 vol.%, respectively. It can be observed that cold gas efficiency is enhanced by a rise in the reaction temperature.
These results agree with the studies of other authors who employed different types of gasifiers such as pressurized spouted bed and fluidised bed reactors [12] [13] [14] [15] [16] . However, an increase in the oxygen content in the gasifying atmosphere leads to a decrease in this parameter, as oxidation reactions are favoured to the detriment of the gasification reactions [17, 18] . Figures 7 (a1) and 7 (a2) clearly show the interaction effects of the gasifying agents on cold gas efficiency. Thus, an increase in steam concentration leads to higher values of cold gas efficiency. If the steam concentration continued to rise (over 55 vol.%), cold gas efficiency would reach a maximum after which it would start to decrease [10, 19, 20] . However, within the experimental range, the increase in cold gas efficiency is higher at lower values of oxygen content in the gasifying atmosphere. High values of steam concentration in the reactive atmosphere result in a reduction of cold gas efficiency as the oxygen concentration increases.
Carbon conversion
The regression equation for the carbon conversion (Table 5) shows that the effects of interaction between the operation variables are mixed, and only the three individual independent variables are statistically significant. Figure 8 presents the response surfaces (1) and the contour plots (2) for carbon conversion with the temperature (a) and the oxygen concentration (b) set at 950 ºC and 10 vol.%, respectively. In this figure it can be observed that an increase in each of the independent variables has a positive effect on carbon conversion, the order of influence being: T > %O 2 > %H 2 O. These trends were expected, as high temperatures and high oxygen concentrations enhance the oxidation and breakdown of the molecular bonds in coal, leading to a greater conversion of solid carbon to gaseous molecules. An increase in the reaction temperature by 100 ºC led to a rise in carbon conversion of between 11.5-33.5 % depending on the gasifying agent composition. For all the range of steam concentrations studied in this work, an increase in carbon conversion was obtained.
Validation of the models
Additional experiments, within the experimental range of the study, were carried out in order to check the robustness of the proposed models for the response variables studied by comparing the predicted values with those obtained experimentally under several experimental conditions. Figure 9 shows the predicted values versus those experimentally obtained in the additional experiments and those used for the experimental design, there being a good fitting, even for the additional experiments.
Conclusions
Extensive statistical analyses of the combined effects of gasification operation variables (temperature, oxygen and steam concentrations) on different process parameters such as H 2 , CO and syngas production, H 2 /CO ratio, cold gas efficiency (η) and carbon conversion (X) were performed by means of response surface methodology (RSM) in a series of gasification experiments. These experiments were carried out using a highpressure fixed bed gasifier fitted with a solids feeding system in continuous mode. The appearance of some effects of interaction among the operation variables provided valuable information about the process that would not have come to light, using the traditional "one-factor-at-a-time" method. Gasification temperature was found to be the most influential variable: there was an increase in all the response variables when the temperature was increased. An increase in the oxygen content in the gasifying agent resulted in a decrease in H 2 and CO production, and in turn in cold gas efficiency, whereas carbon conversion was favoured. An increase in steam concentration was observed to favour H 2 and syngas production, whereas CO production decreased. Cold gas efficiency and carbon conversion also increased. The proposed models fit reasonably well the experimental results for all the response variables studied in this work. The Adj-R 2 calculated for all the models exceeded 0.95, showing good correlations. Additional experiments, within the experimental range, were performed in order to evaluate the robustness of these models with very successful results.
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